Concrete is a heavyweight construction material whose high thermal mass could increase the thermal storage capacity of a building envelope and in turn affect indoor thermal comfort. Selecting an appropriate method for concrete construction and form could also affect the total energy performance and thermal comfort of a building, a fact that is often overlooked by structural engineers. This study presents the results of energy simulations of the potential impact that concrete construction forms, in particular two slab types, and structural materials have on the energy consumption of archetypal commercial office buildings in five major Australia cities (Sydney, Melbourne, Canberra, Brisbane and Darwin). This study has three stages: 1) a structural analysis of two slab types (Flat and Waffle slab); 2) the selection of two types of structural concrete (conventional Normal weight concrete and novel Ultralightweight concrete); 3) a comparative analysis to quantify the magnitude of the change in predicted annual energy consumption due to changes in the form of construction and the type of structural concrete. The energy simulation results showed that the thermal energy performance of the building was influenced by structural materials and slab types. It is shown that the thermal capacity of the concrete construction forms can be utilized to shift thermal loads, reduce peak demand and reduce operational energy consumption. The selection of an appropriate concrete type was more important in terms of energy performance in the coldest (Melbourne and Canberra) and hottest (Darwin) 
Introduction
The structural design of buildings is traditionally limited to material specifications and structural efficiency, whereas structural engineering research often attempts to provide structural efficiency by reducing the materials and resources used while increasing the longevity of structures through design. However, with the aim continuous innovation in the structural design of buildings a new model provides a framework to integrate the long-term behaviour of materials and systems into the design process; indeed modern integrated structural design could utilise life cycle assessment tools to determine the whole life environmental performance of building design because life cycle energy assessments promote a more efficient use of materials and energy.
The appropriate choice of construction and building materials can potentially reduce the life cycle energy of buildings because materials with low thermal conductivity help to reduce the demand for energy as well as the associated greenhouse gases (GHG) [1] . For instance, concrete is one of the main construction materials with the ability to absorb and retain energy for a long period of time; action that reduces energy consumption by storing heat in a natural daily cycle (thermal mass). The mass components reduce temperature fluctuations in building spaces and thus reduce the associated peak heating or cooling loads [1] . Previous studies indicate that the thermal conductivity of concrete varies across Normal, Lightweight, and Ultralightweight concrete [2] [3] [4] [5] [6] ; this variation in density stems from changes in the proportion and type of aggregates, and the cementitious materials in the concrete mixture.
Normal weight concrete with a density between 2,200 to 2,600 kg/m 3 includes cement, normal weight aggregates, and water, whereas lightweight concrete (1,350 to 1,900 kg/m 3 ) is produced by replacing some of the solid materials in the mix with air voids [7] . There are three possible locations for the air voids, inside the particles of aggregate, inside the cement paste, and between the coarse aggregate particles [7] .
The potential for substituting ordinary Portland cement with geopolymer materials in Lightweight concrete has been studied extensively by researchers [6, 8] . Geopolymer concrete is synthesised by mixing aluminosilicate material, alkali solutions, and water [9] . Also, the potential use of Lightweight hollow spheres in the design mix is a technique for producing Ultra-lightweight concrete (1,154 to 1,471 kg/m 3 ); in fact ultra-lightweight concrete consists mainly of lightweight hollow spheres (cenosphere materials), water, and a binder (it also includes silica fume and Portland cement) [3, 6] .
The thermal properties of a concrete mix are influenced by the thermal properties of ingredients such as cement, aggregates, and the moisture existing in the mix [10] .
The replacement of normal aggregate with lightweight aggregates reduces the density and thermal conductivity of concrete. A brief review of previously published values (Table 1) shows that the estimated thermal conductivity of Normal, Lightweight, and Ultra-lightweight concrete could vary from 3.1 W/mK to 0.28 W/mK [2] [3] [4] [5] [6] [11] [12] [13] [14] [15] .
Table 1 Thermo-physical and structural properties of concrete classes as reported in the literature
These studies find that lower density concrete has a lower thermal conductivity, so modern concrete such as Lightweight and Ultra-lightweight concrete has better thermal buffering than traditional concrete (Normal weight concrete), as shown in Several other studies have shown that buildings with a high thermal mass require more time to heat up and cool down, which might influence thermal comfort and demand more energy for heating and cooling [16, 17] . A number of researchers have also indicated the importance of type and placement of construction materials which alter the thermal capacitance of buildings after refurbishment [18, 19] .
Moreover, the ongoing development of more novel construction materials such as Ultra-lightweight concrete [17, 20, 21] raises a question about their potential impact on the thermal mass of a building and hence on the overall energy performance of a real building during its operational phase.
Therefore, the main objective of this paper is to present the underlying approach and results of the first simulation-based assessment that Ultra-lightweight concrete has on the energy performance and indoor comfort of commercial and residential buildings.
This means the primary objective of this study is to indicate how the selection of concrete as a construction material affects the overall energy performance of a building. This study explores a benchmarking method to evaluate the potential effects of conventional (Normal weight) and novel concrete materials (Ultralightweight) on thermal performance of typical office buildings in Australia. A benchmark building serves as a framework to compare design alternatives in terms of their energy performance. The benchmarking system in this study considers the different climate zones in Australia, the forms of construction (Flat and Waffle slabs), and the structural materials (conventional and novel types of concrete).
This research is organised as follows. Section 2 summarises the method used to design the structure and simulate the thermal performance of the benchmark office building. Section 3.1 provides the structural design and analysis results; Sections 3.2 and 3.3 compare the results of the energy performance of different structural materials and slab types; and Section 4 reports the key findings of this study.
2.Methodology

Description of Base building
3 This study assesses the thermal performance of concrete materials (Normal weight and Ultra-lightweight concrete) and structural forms (lightweight and heavyweight) for a benchmark office building in Australia. This 15 storey office building is one of four benchmarking buildings proposed by the National Standard Organization (NSDO) in Australia [22] ; This particular15 storey office building is a typical concrete structure [22] , with a square plan shape, a total floor area of 1000m 2 , and an average 3.3 m height per storey, as shown in Table 2 . 
Structural design parameters
In terms of structural analysis and design, a concrete structure design is considered to account for lightweight and heavyweight structures if they follow the Australian Standards Concrete structures [24] ; the lightweight structure is designed as a Waffle slab and the heavyweight structure as a Flat slab. Flat slabs are very adaptable elements that are generally used to provide minimum depth and flexible column grids in construction, whereas waffle slabs are a lighter and stiffer slab than the equivalent Flat slab. A waffle slab has a thin topping and narrow ribs spanning in both directions between the column heads and/or beam band. The strength and serviceability aspects of the code were utilised during the design of this building. The process for structural analysis is summarised in Figure 4 .
Figure 4 Structural analysis & design flow
The amount of live load comes from the Australian and New Zealand Standard for imposed actions [25] . The live load for the office storage and parking areas was 5kPa and 3kPa for the work rooms. The dead load for concrete elements (columns, shear walls, slabs and staircase) was obtained by multiplying the volume of the member by the unit weight of concrete. Wind loads on the building were determined in accordance with Australian and New Zealand standard wind actions [26] . The magnitude of wind pressure on the structure was calculated based on its height above ground, its size, importance, and location. The level of importance is level 3, because the consequence of failure is deemed to be high (based on occupancy and by using AS 1170 [25] ). For ultimate limit states and structural serviceability, the annual probability exceedance comes from AS 1170 [25] , 
Structural materials
This study analyses the effects choices of concrete (normal and low-density) have on the thermal performance of a heavyweight and lightweight office structure. For the purpose of this study, the types of concrete mixes were collected from previously published journal papers and databases [3, 4, 11, 15] . These designs represent conventional (Normal weight) and some advanced methods of concrete admixture that give Ultra-lightweight concrete. Table 4 1. Grade N40 used in the vertical structural elements such as columns and shear walls. 2. Grade N32 used in the slabs (Waffle and Flat).
3. Grade N20 used in the other concrete element (staircase).
Operational energy analysis
Heavyweight (Flat) and lightweight (Waffle slab) structures were modelled and compared for their impact on the energy performance of the building by using the DesignBuilder energy simulation software. DesignBuilder is a user interface for the EnergyPlus dynamic thermal simulation engine and requires hourly weather data as inputs. The weather data used for each city in this study was extracted from the EnergyPlus weather database [27] . The weather data are in RMY format, they are a set of weather files developed to comply with the Building Code of Australia [27] .
The equipment and occupancy schedules were extracted from the Building Code of Australia [28] . The schedules assume 10% of office equipment and 10% of lights remain on during unoccupied hours. The HVAC system was modelled using a variable air volume system (VAV) with the autosize routine in DesignBuilder's "simple" HVAC description [29] . Table 5 summarises the main assumptions used for the simulations. This study used the Building Code of Australia (BCA) "deemed to satisfy" approach to define the envelope construction of the modelled building (as shown in Table 6 ).
To understand the relative magnitude of the change in predicting energy consumption due to changes in the form of construction and type of structural 
Results and discussion
Structural analysis and design
The office benchmark building has been structurally designed based on Australian Standards in order to verify whether it can be used for realistic comparisons. The structural design specified heavyweight and lightweight alternatives for the Flat slab and Waffle slab construction. The structural analysis and design quantified the minimum size of the slab and column for each form of construction. The columns were classified into five (5) different groups based on their cross section and reinforcement details (Appendix A). The columns at the lower level have a larger cross sectional area and a higher ratio of steel than the upper columns. The dynamic lateral forces (earthquake) are excluded from the scope of this study because the wind pressure loads are much more critical than earthquakes in most parts of Australia. The structural design is summarised in Table 7 (the structural design is shown in Appendix A). 
Energy performance of the building (Energy consumption)
Five major locations were selected for five major Australian cities and the heating and cooling hours are shown in Figure 5 . The heating and cooling hours are calculated based on the differences between the outside weather temperature and a reference temperature which considered less than 18 degrees Celsius for heating and more than 24 degrees Celsius for cooling [35] . Climate zones: Darwin (1); Brisbane (2); Sydney (5); Melbourne (6); Canberra (7)
Figure 5 Summary of the annual heating and cooling degree-hours
The simulated annual energy consumption compared with the average national energy usage across the five major climate zones is shown in Figure 6 . The Australian national average for commercial building energy consumption is 272±17
[kWh/m²], with a standard deviation of 128 [kWh/m²] per year [33, 36] , and the simulated outputs from this study are within these ranges. The results of the simulated building energy performance showed that in this type of highly glazed office buildings, the cooling load is much higher than the heating load across all five climates studied. 
Analysis of thermal performance
The results of sub-hourly dynamic simulations were analysed with no active heating/cooling system being used (free-floating conditions) in order to compare the behaviour of the different building models in terms of indoor temperature during the summer and winter seasons. To reduce the quantity of data for this paper, representative periods taken from the set of simulations were analysed with reference to winter and summer seasons (as shown in Table 8 ). In Australia, the summer and winter seasons are defined from December to February (for climate zone 1, the hottest season starts from mid-November) and June to August, respectively. (6) 6 to 12 July 27 January to 2 February Canberra (7) 8 to 15 July 1 to 8 January
The indoor air temperature simulated hourly for the top floor was plotted against the hourly outdoor temperature to compare the indoor thermal performance across the different types of construction (as shown in Figure 8 and Appendix B). Indoor air temperatures were plotted against outdoor air temperatures for all four types of construction types, and show that those buildings with Normal weight concrete had a lower slope of regression in response to fluctuations in the outdoor air temperature, whereas the buildings with Ultra-lightweight concrete had a higher regression coefficient. The hourly free floating analysis for the buildings with selected constructions shows how the structural mass and type of concrete affected the daily peak indoor temperatures. Table 9 summarises the differences in the peak daily indoor air temperature between the highest and lowest structural mass and concrete density (200.normal and Waffle.low, respectively). Note that the peak indoor temperatures are higher in those building with Ultra-lightweight concrete and lower structural mass (Waffle.low). For instance, the mean differences in the peak indoor air temperature between the Waffle.low and 200.normal cases (both located in climate 2) in summer and winter are 1.1 and 1.0°C respectively. Those structures with higher thermal conductivity concrete (200.normal) had lower peak indoor air temperatures than the low thermal conductivity concrete structures (Waffle.low); for example, the variations of indoor and outdoor air temperature for the designed buildings in two climate zones (1 and 6) during the winter design week are shown in Figure 15 . They indicate that the concrete structure with a lower thermal conductivity had a substantial increase of peak indoor air temperature by 1.2°C and 2°C in hot and cold climate zones, respectively (as shown in Figure 15 and in Appendix C). In the summer design week, the resulting temperature patterns show that lighter buildings characterised by Ultra-lightweight concrete (Waffle.low) experienced a higher daily oscillation than the other types of construction (as shown in Figure 16 and in Appendix C), where the building with higher mass and Normal weight concrete (200.normal) structures had lower indoor air temperatures in general and a peak indoor air temperature that was 1.6-2.4°C lower than the lighter construction types. However, those structures in the hot dominated climate zone (Darwin) built with Ultra-lightweight materials lost heat quickly and cooled down faster during the night than the other buildings. Table 10 shows the indoor thermal comfort conditions during operative hours (7 am to 9 pm) in the summer and winter design week. The accumulated degrees Celsius by which the hourly indoor air temperature was higher or lower than the desired comfort temperature (26 and 18°C, respectively in this case) were defined here as discomfort degree hours (DDH) [37] . The results show that the DDH were almost 5% higher in the building constructed from Ultra-lightweight concrete across all climates during the summer design week. The heavy buildings with Normal weight concrete reached a lower DDH (up to 50%) than the Ultra-lightweight concrete in cold climates (zones 6 and 7) during the winter design week. Note that those buildings with same type of concrete had a similar performance during the summer and winter design weeks. The discomfort degree hours indicated that the 200.normal and Waffle.normal construction types would have a lower overheating peak (i.e lower DDH in Table 4) in summer and winter conditions than the 200.low and Waffle.low types across the five major cities studied. A good example of the different discomfort degrees hours (DDH) between the four construction types is given in Figure 17 for climates 1 and 
Conclusion
This study aimed to evaluate the impact that alternative concrete floor designs have on the energy performance of a typical office building. This research used a benchmarking method to measure the thermal energy performance of a building using two forms of construction (Flat slab and Waffle slab) and two types of concrete (conventional Normal weight and novel Ultra-lightweight). The structural design analysis provided the maximum and minimum building mass for the Flat slab and
Waffle slab respectively, which were then used to simulate the energy performance for whole buildings.
This analysis revealed how well structures with a higher thermal mass could moderate fluctuations between inside and outside air temperatures; those buildings with a higher concrete mass (thermal mass) stored more heat which then reduced the peak indoor air temperatures. Moreover, when Flat and Waffle slab structures were constructed from Normal weight concrete they had a similar energy performance, whereas Ultra-lightweight concrete resulted in indoor temperatures that were more sensitive to fluctuations in external air temperatures, so the building required more energy to achieve the desired indoor temperature range.
This comparative analysis also revealed that choosing the appropriate type of concrete and construction form could reduce the annual cooling energy demand by a highly-glazed office building by 14% in the colder climate zones and by 3% in warmer and hot climates.
The hourly free-floating simulation showed that a building with Ultra-lightweight concrete would experience higher daily peak indoor air temperatures during daytime, while the Lightweight building with Novel Ultra-lightweight experienced large increases of peak indoor air temperatures during the design weeks (Summer and Winter) by 1.2°C to 2.4°C in the hot and cold climate zones, respectively; in fact this type of highly glazed office building risked overheating during the summer and winter periods.
These indoor thermal conditions confirm that buildings where conventional Normal weight concrete is used for the structural elements (slabs, columns and shear walls)
had less discomfort degree hours during the design weeks than the novel Ultralightweight concrete.
Finally, an appropriate structural design in which the energy performance is also considered could lead to reductions in the thermal energy demand for office buildings. This study highlights how important it is to look beyond the designed structural system and evaluate its impact with a holistic analysis. A similar approach as in this study could be used to assess the potential effect of other structural designs on various types of buildings by considering alternative framing systems and materials such as a cross laminated timber system and a Post-tensioned floor system. 
APPENDIX A: DETAILED STRUCTURAL DESIGN
